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Abstract
High levels of the cyclooxygenase-2 (COX-2) protein have been associated with invasion and
metastasis of breast tumors. Both prostaglandin E2 (PGE2) and interleukin-8 (IL-8) have been shown
to mediate the invasive activity of COX-2 in breast cancer cells. Here we expand these studies to
determine how COX-2 uses PGE2 and IL-8 to induce breast cancer cell invasion. We demonstrated
that PGE2 and IL-8 decreased the expression of the tumor suppressor protein Programmed Cell Death
4 (PDCD4). We hypothesized that suppression of PDCD4 expression is vital to the invasive activity
of PGE2 and IL-8. In MCF-7 cells overexpressing PDCD4 (MCF-7/PDCD4), PGE2 and IL-8 failed
to induce invasion, in contrast to the parental MCF-7 cells, thus indicating that PDCD4 blocks breast
cancer cell invasion. MCF-7/PDCD4 cells produced higher levels of the Tissue Inhibitor of
Metalloproteinases-2 (TIMP-2) than the parental cells. Silencing TIMP-2 mRNA in MCF-7/PDCD4
cells reversed the anti-invasive effects of PDCD4, allowing PGE2 and IL-8 to induce the invasion
of these cells. Here we report the novel findings that suppression of PDCD4 expression is vital for
the invasive activity of COX-2 mediated by PGE2 and IL-8, and that PDCD4 increases TIMP-2
expression to inhibit breast cancer cell invasion.
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Introduction
Metastasis is the primary cause of breast cancer mortality. The 5-year survival rate for women
diagnosed with localized breast cancer is 98%, which contrasts dramatically with the 27%
survival rate of women diagnosed with distant metastasis breast cancer [1]. Understanding the
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mechanisms of breast cancer metastasis is paramount to the development of novel therapeutic
strategies to stop the spreading of the disease and to prolong patients' lives.

Over 40% of human breast tumors have been found to have high expression of the
cyclooxygenase-2 (COX-2) protein [2–4]. High COX-2 expression in breast tumors has been
correlated with poor survival, distant metastasis and lower local-regional control of disease
[2,3]. Ectopic expression of COX-2 in breast cancer cell lines was found to increase the
production of prostaglandin E2 (PGE2) and interleukin-8 (IL-8), which are essential to COX-2-
induced breast cancer invasion [5–7]. However, which downstream factors are inhibited by the
COX-2/ PGE2/IL-8-mediated pathway to induce breast cancer cell invasion are not known.

Zhang and DuBois [8] demonstrated that inhibition of COX-2 by the selective inhibitor NS398
increased the mRNA expression of Programmed Cell Death 4 (PDCD4) in colon cancer cells.
PDCD4 suppresses the in vitro transformation of mouse keratinocytes induced by 12-O-
tetradecanoylphorbol-13-acetate (TPA) [9,10] and the promotion and progression of skin
carcinogenesis in response to 7,12-dimethylbenz(a)anthracene/TPA in animal models [11].
PDCD4 interacts with translation initiation factors eIF4A and eIF4G and inhibits AP-1
transactivation [9,12]. PDCD4 has also been shown to induce expression of the cyclin-
dependent kinase inhibitor p21 [13]. These findings indicate PDCD4 has tumor suppressor
activity. Loss of PDCD4 expression has been found in several types of human cancer cell lines
[14], primary lung cancer [15], primary pancreatic cancer [16], hepatocarcinoma [17], colon
carcinoma [18], and gliomas [19]. Recently, Wen et al. [20] reported that compared to normal
breast epithelial cells, PDCD4 expression is only slightly decreased in ductal carcinoma in situ
samples, but is markedly decreased in invasive ductal carcinoma samples. This study implicates
that PDCD4 may have an important role in regulating the invasive activity of breast tumors.
Increased expression of PDCD4 has been shown to decrease invasion of colon cancer cells
[21,22], whereas downregulation of PDCD4 has been shown to promote invasion of colon
cancer cells [23]. However, whether PDCD4 has a role in breast cancer cell invasion has not
been reported.

Our unpublished cDNA microarray data revealed that overexpression of COX-2 led to
decreased PDCD4 mRNA levels in breast cancer cells. Since COX-2 induces invasion and
decreases PDCD4 expression, we hypothesize that COX-2 decreases PDCD4 expression as a
mechanism to increase breast cancer cell invasion. Here we determine the effects and the
mechanisms by which PDCD4 suppresses breast cancer cell invasion.

Materials and methods
Cells

MCF-7 cells were obtained from The American Type Culture Collection (Manassas, VA,
USA). MCF-7/COX-2 cells were generated as previously described [24]. FUGENE 6
Transfection Reagent (Roche Diagnostics, Indianapolis, IN, USA) was used to transfect
MCF-7 cells with pcDNA3.1 plasmids (Invitrogen Corporation, Grand Island, NY, USA) either
empty (MCF-7/Vector) or encoding the human PDCD4 gene [9] (MCF-7/PDCD4). MCF-7/
Vector and MCF-7/PDCD4 stable clones were selected based on their resistance to 500 μg/ml
geneticin (Invitrogen Corporation). All cell lines were cultured in Dulbecco's Modified Eagle's
Medium (DMEM)/F12 (Invitrogen Corporation) supplemented with 5% heat-inactivated fetal
bovine serum (FBS, Invitrogen Corporation). MCF-7/Vector, MCF-7/COX-2 and MCF-7/
PDCD4 cells were routinely grown in media supplemented with 500 μg/ml geneticin, but this
antibiotic was removed during experiments.
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Western blots
Western blots were performed on protein lysates obtained from exponentially growing MCF-7
parental cells and MCF-7/COX-2 cells. Thirty and 50 μg of protein lysates were used for
COX-2 and PDCD4 western blots, respectively. Levels of COX-2 and PDCD4 were
normalized to that of β-actin. Western blot was used to determine the levels of PDCD4 levels
in untreated MCF-7 cells, MCF-7 cells treated with PGE2 (Cayman Chemical) and MCF-7
cells treated with IL-8 (Sigma-Aldrich). MCF-7 parental cells (4 × 105) were cultured in 5%
FBS-supplemented media for 24 h, and then changed to serum free media for 24 h. After serum
starvation, cells were either left untreated or treated with 10 μM PGE2 or 100 ng/ml IL-8 for
24 h. The expression of PDCD4 was similarly detected in MCF-7/PDCD4, MCF-7/Vector and
MCF-7 cells. Monoclonal antibodies specific for COX-2 and β-actin were purchased from
Cayman Chemical (Ann Harbor, MI, USA) and Sigma-Aldrich (St. Louis, MO, USA),
respectively. Polyclonal antibody specific for PDCD4 was obtained from Dr. Nancy Colburn
[9]. Protein bands were visualized by enhanced chemiluminescence (GE Healthcare,
Piscataway, NJ, USA). Images were scanned and quantified by an Alpha Innotech densitometer
using the Alpha Imager application program (San Leandro, CA, USA).

Matrigel invasion assays
The invasiveness of the cells was assessed by Matrigel invasion assays as previously described
[6]. Briefly, MCF-7, MCF-7/Vector and MCF-7PDCD4 cells (4 × 105) were cultured and
treated with 10 μM PGE2 or 100 ng/ml IL-8 for 24 h prior to the invasion assay. All cells were
then collected and washed. Cells (4 × 105) were resuspended in 1 ml of serum free DMEM/
F12 medium and added into transwell inserts (8-lm pore-size, Fisher Scientific, Middleton,
VA, USA) coated with a Matrigel basement membrane (0.7 mg/ml; BD Bioscience, Bedford,
MA, USA). The lower chambers were filled with 2 ml of DMEM/F12 medium supplemented
with 10% FBS. Cells in the transwell inserts were then treated with either PGE2 or IL-8, at the
same concentrations used before. Seventy-two hours later, non-invading cells on the upper
surface of the filter were removed with cotton swabs. Cells that had invaded through the
Matrigel onto the lower side of the filters were fixed, stained with Hema-3 Stain System (Fisher
Scientific), and photographed. For each filter, the number of invaded cells was counted in five
fields. The invasiveness of the cells is expressed as the mean number of cells of triplicate
measurements that invaded to the lower side of the filter. Then, two-sample t-tests were used
for comparison of the number of invading cells. The overall significance level of 0.05 was used
on comparative analyses.

Tissue Inhibitor of Metalloproteinase-2 (TIMP-2) ELISA assay
MCF-7 or MCF-7/PDCD4 cells (4 × 105) were cultured in 5% FBS-supplemented media for
24 h before changed to serum free media. After 24 h of serum starvation, cells were treated
with PGE2 or IL-8 as described above. The next day, conditioned media was collected, clarified
by centrifugation and concentrated by using Centricon Ultracel YM-10 spin columns
(Millipore, Bedford, MA, USA). An ELISA assay (EMD Biosciences, La Jolla, CA, USA)
was used to determine the levels of TIMP-2 secreted into the supernatants. Samples were run
in triplicates and TIMP-2 levels were normalized to cell number and expressed as means ±
standard deviations (s.d.).

Reverse transcriptase polymerase chain reaction (RT-PCR)
MCF-7 and MCF-7/PDCD4 cells were cultured and treated with PGE2 or IL-8 as described
above. Total RNA was extracted using the RNeasy Mini Kit (Qiagen Inc, Valencia, CA, USA)
and 10 ng were used in the RT-PCR using SuperScript III One-Step RT-PCR System
(Invitrogen Corporation). The sequences of the urokinase plasminogen activator receptor
(uPAR) primers were: forward, 5′-GAG CTG GTG GAG AAA AGC TG-3′ and reverse, 5′-
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TGT TGC AGC ATT TCAGGA AG-3′. The sequences of the TIMP-2 primers were: forward,
5′-GGT CTC GCT GGA CGT TGG AG-3′ and reverse, 5′-GGA GCC GTC ACT TCT CTT
G-3′. The sequences of the GAPDH primers were: forward, 5′-GCC AAG GTC ATC CAT
GAC AAC-3′ and reverse, 5′-GTC CAC CAC CCT GTT GCT GTA-3′. The PCR conditions
for all reactions were: 55°C for 30 min, 94°C for 2 min, 30 cycles of 94°C for 15 s, 57°C for
30 s, 68°C for 1 min, and 68°C for 5 min.

TIMP-2 knockdown with siRNA
MCF-7/PDCD4 cells (2 × 105 cells/well) were plated in 6-well plates. The next day, cells were
transfected with 200 nM human TIMP-2 or non-silencing control siRNA (Dharmacon Inc.,
Lafayette, CO, USA) using Fugene 6 Transfection Reagent. Forty-eight hours later, cells were
collected and RT-PCR as described above was used to confirm that the level of TIMP2 mRNA
was reduced in cells transfected with TIMP-2 siRNA. Similarly after cells were transfected
with TIMP-2 or non-silencing control siRNA, cells were collected and invasion assays as
described above were performed. After invasion assays were set up, cells were re-transfected
with TIMP-2 or non-silencing control siRNA, treated with either PGE2 or IL-8 as described
above, and incubated for 72 h.

Results and discussion
Activation of the COX-2/PGE2/IL-8 pathway decreases PDCD4 expression in breast cancer
cells

Western blot analysis showed elevated COX-2 expression in the three MCF-7/COX-2 clones
tested (clones 8, 12, and 13) (Fig. 1a). Western blot analysis also showed that the level of
PDCD4 protein expression in the MCF-7/COX-2 clones was 55 to 68% lower than that in the
MCF-7 parental cells (Fig. 1a). Similarly, when MCF-7 cells were treated with PGE2 or IL-8,
PDCD4 protein levels were decreased by 67 and 35%, respectively (Fig. 1b). These results
indicate that activation of the COX-2/PGE2/IL-8 pathway suppresses PDCD4 expression.

PDCD4 blocks PGE2- and IL-8-induced breast cancer cell invasion
To determine whether PDCD4 has a role in COX-2-mediated breast cancer invasion, MCF-7
cells were stably transfected with plasmids encoding the human PDCD4 cDNA (MCF-7/
PDCD4). MCF-7 cells were also transfected with empty vector (MCF-7/Vector) as a control.
Western blot was performed to confirm that MCF-7/PDCD4 cells had higher PDCD4 levels
than the parental and the vector control cells (Fig. 2). Densitometric analysis showed that
PDCD4 expression in MCF-7/PDCD4 cells was approximately 9-fold higher than that in the
MCF-7 parental or the MCF-7/Vector cells. PGE2 and IL-8 increased the invasion of MCF-7
and MCF-7/Vector cells across a Matrigel basement membrane (Fig. 3a, b). However under
identical conditions, PGE2 and IL-8 did not increase the invasion of MCF-7/PDCD4 cells (Fig.
3a, b). Our results indicate that PDCD4 blocks PGE2- and IL-8-induced invasion of breast
cancer cells. Flow cytometric analysis did not show any significant difference in cell cycling
between transfected and parental MCF-7 cells (data not shown). Thus, difference in the number
of invaded cells is attributed to the cell's invasive activity and not its proliferation activity.

PDCD4 increases TIMP-2 expression to inhibit breast cancer invasion
Leupold et al. [21] demonstrated that PDCD4 inhibited the invasion of colon cancer cells by
a mechanism that involved decreased transcription of uPAR. We determined the mRNA levels
of uPAR in MCF-7 and MCF-7/PDCD4 cells. The basal level of the uPAR mRNA was higher
in MCF-7/PDCD4 cells than in MCF-7 cells (Fig. 4). Similarly upon PGE2 or IL-8 treatment,
the uPAR mRNA level was higher in MCF-7/PDCD4 cells than in MCF-7 cells (Fig. 4). These
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results indicate that, in contrast to colon cancer cells, PDCD4 does not suppress uPAR
transcription in breast cancer cells.

To investigate the mechanisms by which PDCD4 inhibits breast cancer invasion, a protein
array was used to analyze the levels of metalloproteinases (MMPs) and tissue inhibitor of
metalloproteinases (TIMPs) in the conditioned medium of MCF-7 and MCF-7/PDCD4 cells.
The array results revealed that the level of TIMP-2 was higher in MCF-7/PDCD4 than MCF-7
cells (data not shown). The balance between MMPs/TIMPs is an important determinant in the
invasion process. TIMPs act by binding to MMPs and reversibly inhibiting their extracellular
matrix degradation activity. An ELISA was performed to confirm that MCF-7/PDCD4 cells
secreted higher amount of TIMP-2 than MCF-7 cells. TIMP-2 was not detected in the media
of untreated MCF-7 cells, nor in the media of PGE2- or IL-8-treated MCF-7 cells (Fig. 5a).
However, TIMP-2 was detected at a concentration of 4−6 ng/ml in the media of MCF/PDCD4
cells (Fig. 5a), indicating that PDCD4 increases TIMP-2 secretion.

To determine whether TIMP-2 is essential to the PDCD4-mediated inhibition of breast cancer
invasion, siRNA was used to knock down TIMP2 expression in MCF-7/PDCD4 cells (Fig. 5b).
MCF-7/PDCD4 cells were transfected with TIMP-2 siRNA or non-silencing control siRNA
and the levels of TIMP2 mRNA in these cells as well as in MCF-7 parental cells were
determined by RTPCR. The TIMP2 mRNA levels were significantly higher in the MCF-7/
PDCD4 cells than in the MCF-7 parental cells (Fig. 5b), thus supporting our TIMP-2 ELISA
data and further indicating that PDCD4 increases TIMP-2 expression transcriptionally. TIMP-2
siRNA significantly decreased TIMP2 mRNA, approximately 62%, in MCF-7/PDCD4 cells
(Fig. 5b). MCF-7/PDCD4 cells were transfected with TIMP-2 siRNA or non-silencing control
siRNA and then used for a Matrigel invasion assay. In the absence of PGE2 or IL-8, there was
no difference in the number of invaded MCF-7/PDCD4 cells transfected with TIMP-2 siRNA
and the number of invaded MCF-7/PDCD4 cells transfected with control siRNA (Fig. 5c).
However in the presence of PGE2 or IL-8, the number of invaded MCF-7/PDCD4 cells
transfected with TIMP-2 siRNA was 2.5-fold higher than the number of invaded MCF-7/
PDCD4 cells tranfected with control siRNA (Fig. 5c). TIMP-2 knock down reversed the
suppressive effects of PDCD4 on PGE2- and IL-8-induced invasion, indicating that TIMP-2
is essential to the anti-invasive effects of PDCD4 in breast cancer cells. TIMP-2 has been shown
to inhibit the invasiveness of breast cancer cells in vitro and in vivo. Overexpression of TIMP-2
decreased the in vitro invasion of ras-transformed breast epithelial cells [25]. Mice injected
with TIMP-2-transfected MDA-MB-231 breast cancer cells had a lower number of osteolytic
bone metastases and a higher survival rate than mice injected with nontransfected cells [26].
Liposome-complexed TIMP2 DNA constructs administered to MMTVneu transgenic mice
reduced tumor growth and effectively inhibited the occurrence of lung metastases [27]. Our
present findings are consistent with these of TIMP-2 acting as a suppressor of cell invasion.
On the other hand, high levels of TIMP-2 have also been correlated with distant metastasis of
breast tumors [28,29]. TIMPs have been shown to be multifunctional proteins regulating many
different cells processes, some seemly paradoxical for tumorigenesis, through MMP-
dependent or independent pathways [30]. In either case, TIMP-2 can be pivotal to tumor
progression. Additional studies are warranted to discover the determinants of TIMP-2
functions.

Relatively little is known about the mechanisms of suppressing PDCD4 expression in cancer.
The phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) signaling
pathway has been shown to induce the proteolysis of PDCD4 [31] and reduce the transcription
of PDCD4 [32]. MicroRNA-21 has been reported to block PDCD4 expression transcriptionally
[33] and post-transcriptionally [34]. COX-2 has been found to suppress PDCD4 transcription
[8]. Here we demonstrated that the mechanisms by which COX-2 suppresses PDCD4
expression is via PGE2 and IL-8.
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Microarray analysis of the NCI60 cells revealed low levels of PDCD4 mRNA in human breast
cancer cell lines [14], and immunohistochemical analysis revealed low levels of PDCD4
protein in invasive breast carcinoma samples [20]. Low levels of PDCD4 protein were inversely
correlated with the anti-tumor activity of the anti-estrogen tamoxifen. PDCD4 antisense
decreased tamoxifen sensitivity, whereas overexpression of PDCD4 increased breast cancer
cell sensitivity to tamoxifen [14]. Here we report for the first time that suppression of PDCD4
expression is vital for the invasive activity of COX-2 mediated by PGE2 and IL-8, and that
PDCD4 increases TIMP-2 expression to inhibit breast cancer cell invasion. These data strongly
suggest that rescuing PDCD4 expression may have therapeutic effects against breast
carcinoma.
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Fig. 1.
COX-2, PGE2, and IL-8 decreased PDCD4 protein levels. (a) The expression of COX-2 and
PDCD4 proteins in three independent clones of MCF-7/COX-2 cells and MCF-7 parental cells
was determined by immunoblotting equal amounts of total cell lysates with COX-2 monoclonal
and PDCD4 polyclonal antibodies, respectively. COX-2 and PDCD4 levels were analyzed by
densitometry, normalized to β-actin level, and expressed as percentages of MCF-7 parental
cells. (b) MCF-7 cells were untreated or treated with 10 μM PGE2 or 100 ng/ml IL-8 for 24 h.
Protein lysates were immunoblotted with PDCD4 and β-actin antibodies. PDCD4 levels were
analyzed by densitometry, normalized to the corresponding β-actin levels, and the ratios were
expressed as percentage of untreated cells
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Fig. 2.
PDCD4 expression was higher in MCF-7/PDCD4 cells than in MCF-7 and MCF-7/Vector
cells. Western blot was used to compare the expression of PDCD4 in MCF-7 parental cells,
MCF-7 cells stably transfected with plasmid encoding the PDCD4 gene (MCF-7/PDCD4), and
MCF-7 cells stably transfected with empty vector (MCF-7/Vector). β-actin was used as a
loading control. PDCD4 levels were analyzed by densitometry, normalized to the
corresponding β-actin levels, and expressed as percentage of MCF-7 parental cells
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Fig. 3.
PDCD4 inhibited PGE2- and IL-8-induced breast cancer cells invasion. (a) A matrigel invasion
assay was performed using MCF-7, MCF-7/Vector and MCF-7/PDCD4 cells. All cells were
treated with the indicated concentrations of PGE2 or IL-8, and incubated for 72 h. Cells that
had invaded through the Matrigel onto the lower side of the filters were fixed, stained, and
photographed at 150× magnification. (b) The number of invaded cells for each filter was
counted in five fields. The invasiveness of the cells is expressed as the number of cells that
invaded to the lower side of the filter. Columns indicate the mean of triplicate measurements
± standard deviation. An asterisk (*) indicates a significant increase in the number of invaded
cells relative to the untreated cells, P < 0.05, determined by Student t-test
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Fig. 4.
uPAR transcription levels remained unchanged upon IL-8 or PGE2 treatment. MCF-7 and
MCF-7/PDCD4 cells were treated with 10 μM PGE2 or 100 ng/ml IL-8 for 24 h. RNA was
isolated and RTPCR was used to determine the levels of uPAR transcript. GAPDH levels were
included as a loading control. uPAR levels were analyzed by densitometry, normalized to the
corresponding GAPDH levels and expressed as uPAR/GAPDH ratio
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Fig. 5.
PDCD4 increased TIMP-2 expression to inhibit breast cancer invasion. (a) PDCD4
significantly increased the secretion of TIMP-2. The levels TIMP-2 secreted into the
supernatants of MCF-7 or MCF-7/PDCD4 cultures were analyzed by ELISA. Samples were
run in triplicates and TIMP-2 levels were normalized to cell number and expressed as means
± s.d. ND = not detected. (b) TIMP-2 siRNA reduced the expression of TIMP2 mRNA in
MCF-7/PDCD4 cells. MCF-7/PDCD4 cells were transfected with non-silencing control
siRNA or siRNA targeted to human TIMP2. RT-PCR was used to determine the levels of
TIMP2 mRNA in MCF-7 and MCF-7/PDCD4 cells transfected with siRNA. GAPDH levels
were included as a loading control. The level of TIMP2 mRNA was measured densitometrically
and normalized to that of GAPDH. The ratio of TIMP-2/GAPDH obtained with the TIMP-2

Nieves-Alicea et al. Page 13

Breast Cancer Res Treat. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



siRNA was compared to that of the non-silencing control siRNA. (c) TIMP-2 downregulation
reversed the anti-invasive effects of PDCD4. Matrigel invasion assays were performed using
MCF-7/PDCD4 cells transfected with either non-silencing control siRNA or TIMP-2 targeted
siRNA. PGE2 (10 μM) and IL-8 (100 ng/ml) were used to induce cell invasion. The number
of invaded cells was counted in five fields of each filter. Columns indicate the mean of triplicate
measurements ±standard deviation. Asterisks (*) indicate a significant increase in the number
of invaded cells relative to untreated or control siRNA-treated cells, P < 0.05, determined by
Student t-test
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